The objective of this paper is to clarify the principle of stabilization in flapping-of wings flight of a butterfly, which is rhythmic and cyclic motion. For this purpose, a dynamics model of a butterfly is derived by Lagrange's method, where the butterfly is considered as a rigid multi-body system. For the aerodynamic forces, a panel method Butterflies can maintain desired flapping-of-wings flights stably against environmental uncertainties and variations, e.g. gust, weight gain or loss, etc., because of their adaptation-capability, whereas they cannot repeat the same movement with sufficient accuracy. This study discusses the principle that enables stable flapping-of-wings flights, which is rhythmical periodic motion.
INTRODUCTION
Butterflies can maintain desired flapping-of-wings flights stably against environmental uncertainties and variations, e.g. gust, weight gain or loss, etc., because of their adaptation-capability, whereas they cannot repeat the same movement with sufficient accuracy. This study discusses the principle that enables stable flapping-of-wings flights, which is rhythmical periodic motion.
There are many unknown points for the stable flight, e.g. "how the butterfly moves," "how the control is realized," etc. To clarify the unknowns, this research proceeds the following plan:1-4 (1) derivation of dynamics model and simulator construction, (2) experimental measurement of butterfly motions and aerodynamic forces, and (3) discussions for the stable flapping-of-wings flight through simulations. This paper especially discusses effects of the flexibly torsional wings on stability of the flight. Item (1) derives a model with aerodynamics formulation using a panel method. In item (2) , experimental data of the flapping motions and the aerodynamic forces are measured and validity of the mathematical models is examined by the good agreement with the measured data. 4 In item (3), a periodic trajectory of flapping-of-wings flight is searched in order to fly the butterfly model. To search the periodic trajectory of flapping-of-wings flight, a controller is needed that track a desired wing trajectory without error. However, a real butterfly cannot track the desired trajectory without error because of structural flexibility of wings. This research discusses how the flexibly torsional wings effect on the flight stability.
The rest of this paper is organized as follows. Section 2 explains a mathematical model of butterfly and the observation experiments. In the process of modeling, a butterfly is considered as a rigid multi-body system, and aerodynamic forces are formulated by a panel method. From the observation experiments of the flapping motions, torsion of the wings is observed. In section 3, periodic orbits of flapping-of wings flights are searched in order to fly the butterfly model, and almost periodic orbits are obtained. However, the model in the searched flapping-of-wings flights is unstable and goes down after a few flapping motions. In section 4, wing torsion caused by structural flexibility is introduced to the model in the previous section. The extension of the flying period and the reduction of flight instability are shown by numerical simulation. In section 5, the deformation of wings during flapping is modeled by a particle and spring system. Finally, concluding remarks are given in section 6. A butterfly is modeled by a rigid multi-body system in the same way as typical robot modeling, which is simple dynamics modeling. For more precise modeling, it will be desirable to consider a flexible multi body system because experimental observations have found that butterfly wings are elastically deformed by aerodynamic forces.
The butterfly model is a multi-body system with 4 links as shown in Fig. 1 , which is composed of the thorax Bt considered as the main body, the abdomen Ba, the left wings WL, and the right wings WR. Both the model and its motions are supposed to be symmetric bilaterally. A pair of fore and hind wings on each side is modeled by a plate as shown in Fig. 1 . The joint between the thorax and wing has 3 rotational degrees of freedom (DOF) and the joint between the thorax and the abdomen has 1 DOF.
The following Lagrangian equations of motion are obtained:
where the generalized coordinates are 0 = [x z Bt Ba (3 rJ B] T . As illustrated in Fig. 1 
Panel Method Model for Aerodynamics
In the flight of the butterfly, there is a feature in which the flapping frequency is small5 as well as small Reynolds number. Moreover, the flow to the wings is not steady because of the flapping motion, whereas the flow to a cruising fixed-wing aircraft is steady. Wing-tip vortices greatly affect the aerodynamic characteristics because a butterfly has flat wings of a small aspect ratio. In addition, the flapping motion generates very strong wing-tip vortices. The wing-tip vortices may merge with the free vortices departing from the trailing edge, make complex structures, and greatly influence the aerodynamic characteristics.
Therefore, this study models the aerodynamics of a flapping butterfly using a panel method. 6 Vortex ring element panels are set on wing surfaces and panels with constant strengths of vortices are shed into wakes. Unknown strengths of vortices are determined so as to satisfy the boundary condition of no normal flow across the wing surfaces. The free wake model sheds the panels fulfilling the Kutta condition at trailing edge and the panels move with local stream velocity. This free wake model enables to contain the influence of the unsteady wakes.
As a result, this study made a panel method modeL3,4 Viscosity effect should be considered in the model because of the low Reynolds number is observed by the smoke wire visualization that the flow passes along wing surfaces during wingbeat.1, Hence, by assuming nonviscous and incompressive flow without separation, a panel method based on the potential flow is applied in this study.
Experiments and Simulation
Flapping motions and applied aerodynamic forces are measured by wind tunnel experiments using actual butterflies. As can be seen in Fig. 2 (a) , the feathering angle e varies approximately between a range of ±30° through a flapping period. This fluctuation of the e is considered as a result of a passive wing torsion caused by its structural flexibility since butterflies cannot actively twist their wings in a large angle because of the flapping mechanism. In a latter section, the passive wing torsion is introduced to the model, and its effect on the flapping-of-wings flight stability is evaluated.
PERIODIC FLAPPING FLIGHT OF MODEL
Although simulations are performed using the control torque calculated from the experimental data, none of the mathematically modeled butterflies can fly.3, 4 This may be considered as a result of difference in the flapping motion of the free-flying butterfly from the tethered one. The flapping motion must be searched for periodic flapping-of-wings flight of the mathematical model.
Trajectory Search Method
The periodic flapping-of-wings flight is defined as all other than x in state vector () f and iJ f after a flapping period T agree with initial value () sand iJ s ' Joint angle trajectories are described by Fourier series for cyclic motions. Fourier parameters and initial conditions are considered as learning parameters of vector w to find a trajectory of the periodic flapping-of-wings flight.
The cost function concerning the mechanical energy and the angle and the torque of joint is intro duced. One obtains the most efficient flapping-of-wings flight for a mathematical model by minimizing the cost function. The obtained trajectories are evaluated by comparing with experimental results. A gradient method finds the above-mentioned learning parameters such that the obtained trajectory satisfies the definition of the periodic flapping-of-wings flight.
Searched Trajectories
The panel method model can obtain almost periodic trajectories, though they do not perfectly correspond to the definition of the periodic flight. The butterfly can fly only a few periods when one of those motions is repeated. It is reported that the unsteady wake-induced flow has a type of feedback stabilization effect that enables butterfly to fly several periods,3,4 whereas the details are not mentioned in this paper. The solid line with 0 symbols in Fig. 3 (a) illustrates that the flapping flight of the model is leaving gradually from the initial flight and destabilized after 4 flapping periods. It is also seen in Fig. 3 (a) that the oscillation of thorax causes the instability of the flight though the mathematical model precisely repeat the desired joint motion by a controller for numerical simulations.
EFFECTS OF FLEXIBLE WINGS

Modeling of Flexibly Torsional Wings
Deformation of wings is observed in experiments, and the structural flexibility leads to large torsion of wings. Flapping motion of the model is controlled to follow the desired trajectory without error in the previous section, whereas that of actual butterflies cannot be controlled in the way because their wings are twisted by various unexpected disturbance. This passive torsion of wings has not been considered in the butterfly model of the above simulation. In this section, wing torsion due to the structural flexibility is introduced to the model and its effect on the flapping-of-wings flight is examined. The wing torsion caused by its structural flexibility is modeled as a I-DOF damped oscillator, where a spring and a damper are installed in the joint at wing root. The model of wing remains as a flat plate. The controller used in the above simulation is partially modified by using PD-control so as to express the modeled passive torsion. Because it is difficult to measure damping of wings, the damping ratio is assumed to be approximately 0.7 and applied to the model.
Effect of Wing Torsion on Flapping-of-Wings Flight
Numerical simulations show how the flexible torsion changes the flight stability using mathematical model with measured flexibility of wings. Figs. 3 (a) and (b) show two trajectories of flapping-of-wings flights. One has been obtained by the trajectory searching in the previous section, and the other is obtained by the model with flexibly torsional wings. The flexibly torsional wings extend the stable flight for four more periods. Fig. 3 (b) shows that the oscillation of Bt is reduced, especially when the butterfly is going down at 0.8 s. The wing flexibly damps the pitching oscillation of thorax, where the oscillation may cause the butterfly falling. As the result, the instability of thorax reduced, and the flying period extended. The same stabilizing effects are demonstrated in three of four other simulations by the passive wing torsion in the mathematical model, where flapping motion is different from each case. Therefore, the flexible torsion introduces the stability effect on the flapping-of-wings flight. This is a kind of feedback stabilization effect brought by this system through the dynamic property of the wing. It can be considered as a kind of preflex 7 as well as an implicit control.
DEFORMATION OF WINGS DURING FLAPPING
In the previous section, structural flexibility of wings is modeled as a flat plate. In experiments, deformation of wing cross-section shape is observed in addition to torsion. The wing deformation during flapping caused by its structural flexibility is modeled.
Experiments of Wing Rigidity
When aerodynamic force affects wings during flapping, wings are deformed passively due to the structural flexibility. Wing veins strongly effect on the flexibility distribution. Wing venation is different between fore wing and hind wing also among species. Wing flexibility is modeled as locally-uniform without introducing a detailed wing vein model.
The wing rigidity of living butterflies in bending, torsion and tension are measured. In this exper iment, normal size butterflies with fore wings of 50 to 55 mm long are chosen. Both wings of four butterflies are used to measure rigidity. Bending rigidity is measured. Load is applied at the point where torsion does not occur when the root of the wing is fixed to the horizontal plane. In this way, the deformation of wings is only bending. Therefore the relationship between loads and displacements is modeled by Bernoulli-Euler beam theory. For an uniform beam, the following equations are obtained
where W is load, Z load point, El bending rigidity, L wing tip, Y z displacement at the load point, and
Y t displacement at the wing tip. The bending rigidity is identified using experimental data of load and displacement. The bending rigidity represents the average rigidity from the wing root to the load point. Figure 4 shows the experiment results of spanwise direction. In Fig. 4 , open symbol shows the rigidity that is calculated by the displacement at the load point. Each closed symbol is calculated by the displacement at the wing tip. The larger El is obtained, when the load increases. Table 1 shows the average bending rigidity of spanwise direction. The similar measurement is achieved of chordwise direction.
Torsional rigidity of wings are also measured. The torsional angle ¢ is measured when torsional moment load T is applied. The distance of the load point from the fixed wing root is L. For an uniform torsional beam, the torsional rigidity K is given by K = T L / ¢. Torsional rigidity decreases with distance from the fixed point. In a similar way, tension rigidity is measured. The wings are removed from the bodies of butterflies, and the tension loads are applied to both span wise direction and chord wise direction. From the loads and displacements, the rigidity is calculated.
Modeling of Flexible Wings by Particle and Spring System
In modeling of flexible wings, the fore wing and the hind wing are assumed as one wing. This wing is discretized as a particle and spring system as shown in Fig. 5 . 
The aerodynamic forces depend on both the flow field and the wing shape. First, the aerodynamic forces acting on the wings are calculated from the initial wing shape. Second, Eq. (4) gives the wing shape using these calculated forces. Third, the aerodynamic forces are obtained again from the flow field including the renewed shape of the wings. This iterative calculation gives aerodynamic forces and the deformation of wings. In order to validate the model, a displacement is simulated when a rectangle thin plate is fixed at the root and a load is applied at the tip. The bending rigidity of the plate is 1.0 x 10-6 [Nm2], and the calculated displacement at the load point is 1.42 x 10-3 [m] . When the plate is modeled as a beam, the displacement of analytical solution is 1.39 x 10-3 [m] . It shows that the displacement is well calculated by the model.
CONCLUDING REMARKS
To discuss stability in flapping-of-wings flights, this study has modeled a butterfly and made the numerical simulator. The panel method has been applied to calculate the aerodynamic force. The flapping-of-wings flight obtained from the trajectory search has been unstable with the thorax oscillation. The flight instability has been decreased by introducing structural flexibility of the wing, which can be observed in living butterflies. We will carry out succeeding discussion for the stability of flapping flight using the developed precise model.
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